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(57) Abstract 

A oower transmission and/or distribution system including at least one power line (2) connecting two parts of the system; and at least 
one high^ g rro1irg power converter means (3) connected in the system for controlling power flow in the system ^ "jtttojg power 
c^nverSr Ss (3) includes at least one winding having electrically conducting means (41) surrounded by electrically 
tt^pMn? magnetically permeable solid material within which the electric field is confined in use of the power converter means The 
HeTT Sg^ower converter means (3) is connected directly, by a transformerless connecdon, to or m senes with, " le^t one 
£we7ltaT(2) The invention also relates to a power flow controller and to a method of controlling power flow between two power systems. 
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Power Flow Control 

T^el fliical Field 

This invention relatea to a power transmission and/or 
distribution system including at least one power line 
5 connecting two parts of the system and at least one rotating 
power converter means connected in the system for 
controlling power flow in the system. The invention also 
relatea to a power flow controller including at least one 
high- voltage rotating power converter and to a method of 

10 controlling power flow between two power systems, and in 
particular to controlling power flow in high-voltage power 
a.c. transmission and/or distribution systems using at least 
one high-voltage rotating power converter. By way of 
example, the rotating power converters may have power 

15 ratings of from a few MVA to more than 1000 MVA and rated 
voltages (e.m.f.s) from a few kV up to hundreds of kV 
insulated for operation at distribution (from 6-70 kV) and 
transmission (70 kV to from 400 - 800 kV, or even higher) 
voltages. Thus the invention finds application from medium 

2 0 voltage power systems, e.g. for industry, up to series 
compensation and/or voltage stabilisation of power 
transmission and distribution lines. 

Background of the Invention 

Heavy long-term investment in hardware, right-of-ways 
25 and overall planning is required in the creation of electric 
power transmission and distribution systems. Any new 
systems require much planning for future needs and 
requirements. Factors to be taken into consideration are 
the sales and pricing of electric power, environmental 
30 issues and restrictions, and obtaining rights of way through 
both densely populated and rural areas. Presently used SF6 
insulating medium may not be acceptable in the future. 
Likewise, large quantities of oil used to insulate 
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transformers and other equipment, e.g. capacitors, may be 
environmentally unacceptable. Accordingly the flexibility 
and handling of electric power in the future has to be 
improved over the levels existing today. 

5 Present day transmission and distribution networks 

are operated in a free flow power mode. The fixed network 
impedances, together with the momentary generation and 
absorption of power, determine the power flow pattern in a 
power system. Thus the overload limit on a minor local line 
10 may limit the total bulk flow of power, even if several 
parallel lines at the same time are only lightly loaded. 
The quality of power is merely held within certain limits 
and is not used for differential pricing or other 
commercially reasons. 

15 Several methods are employed today to control power 

transmission and distribution systems. Tap changers on 
transformers are used to change or vary the voltage. 
However tap changers are not regarded as qualified control 
elements. 

20 Elements reducing the line reactance on certain lines 

can increase any corridor transmission capacity 
considerably. This is done by inserting fixed or step-wise 
varied capacitors in series with the lines. In some radial 
distribution lines, the compensation is over 100%, which 

25 means that some of the source impedance and resistive line 
voltage drop are also compensated for. However actively 
using the system impedances and controlled electromotive 
forces {e.m. f.s) for quality power flow control in a meshed 
network has only been the subject of testing and has not 

3 0 been used in practice. 



Qualified impedance control has so far mainly only 
been used for voltage control by compensating shunt 
impedances for system stability reasons. 
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Impedance control between the phases can be used to 
control the voltage angles between different parts of the 
network resulting in very efficient power flow control. The 
theory for this type of control is old and is put into 
5 practice with so-called phase shifting transformers. Such 
transformers normally have fixed phase shifting but can be 
provided with variable phase shifting by using tap changers 
for switching the local impedance configuration. However, 
presently used phase shifting transformers are not regarded 
10 as qualified control elements. 

Impedance control can be performed in different ways. 
The straight forward method is to insert controlled and 
fully rated capacitive or inductive elements. However in 
the future, various new control schemes based on modern 

15 power semiconductors or on electromagnetic devices or on 
both will be used. Control circuits can be designed to give 
virtual impedances with less than rated classical 
impedances. Such schemes can for example enable high 
compensation of line impedances without risk of network 

20 resonances. 

By combinations of series-control, shunt-control and 
inter phase impedance control it is possible to connect 
power blocks without increase of short circuit currents and 
with full control over the flow of power between the blocks. 
25 Voltage disturbances can be prevented from being transferred 
from one side of the connecting line to the other. 

Very qualified power flow control by means of HVDC 
inter-ties is of course already well-known. 



30 



Another aspect of network flexibility is to make 
equipment relocatable and easy to move from one location to 
another. In an open market the conditions for power 
transmission and distribution may change quickly. It is 
therefore also important to design equipment in a general 
way with as few restrictions as possible in the hardware and 
35 in the interaction with the network. 
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An example is that the need for reactive power may 
from time to time - during the specific lifetime of the 
equipment - change from one location to another. It is 
consequently a part of network flexibility that the 
5 equipment is compact and has as few fixed installations as 
possible, such as ground based water- cooling, separate 
communication, power supply, protection, etc. It should 
also be designed to avoid circuits which cause resonances or 
transients which could be affected or amplified by different 
10 or changing networks. 

When maximum transmission capacity is required it may 
be of interest to stay as close as possible to minimum 
allowed safety margins to overload or instability. Under 
other circumstances it can be of interest to minimise the 
15 total system losses. With present computer capacity it is 
within reach to run a complete system simulation each time 
the power consumption changes by a given value or when a 
configuration change has taken place in the network. 

By impedance control and/or controlled electro -motive 
20 force(s), e.m.f.(s), the transmission system can be managed 
in such a way that it is optimised at any time for specific 
strategies. This management can be local or global 
transmission capacity, losses, reactive power balance, 
access for maintenance, etc.. 

25 On-line simulations combined with information about 

actual network configuration, ambient temperatures, 
temperatures on critical equipment, etc., will together 
with impedance management open new possibilities to avoid 
disturbances. This will in turn lead to a better voltage 

3 0 quality and a better supervision of the quality of the power 
in general . 

On-line simulations can be used to predict upcoming 
thermal overload or any type of instability. A strategy can 
be introduced, in which a large number of control means can 
35 direct the network impedances to re-establish a certain 
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margin of safety. New network configurations may increase 
the total network losses or increase the costs for buying 
wheeling capacity. However the network may be able to 
maintain the important contractual need for bulk flow of 
5 power. 

The controls may not need to be very fast and can 
consequently be designed for less continuous losses and for 
minimum maintenance requirement. 

10 It is not only the main circuit equipment that need 

to be flexible. Also relaying protection and communications 
systems need to be improved for better optimising of the 
total network. This type of equipment based on modern 
micro -processors will have very few limitations and a built 

15 in flexibility in the software. 

The impedance control can cope with situations - 
commercial or otherwise - where extra high power transfer 
need to be considered as short term alternative to the 
quality of the power or the cost of a network breakdown. 
20 Such a system requires protection and relaying controlled 
from a remote centre. The benefit of such a system will be 
a cost effective peak performance improvement for both the 
transfer and the quality of the power. 

Power flow between interconnected AC power systems 
25 often deals with two or several parallel lines and the 
intention is to maintain the power transfer level after 
fault conditions on as many as possible of the inter- 
connecting lines that exist between the usually meshed AC 
power systems. 

30 Power flow on a transmission line is given by a well- 

known equation: 



P = 5^3. . Bin6 
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Thus the power flow depends on the voltage magnitudes E x and 
E 2 , the line reactance X, and the power angle 6 between two 
ends of the line. For two (more or less parallel) 
transmission lines, we get similar expressions. The 
5 simplest change in the expression is obtained for two equal, 
completely parallel lines connected to the same busbars. 
Loss of one of the transmission lines after a fault means 
that the reactance is then exactly doubled and substituted 
into the denominator of the equation above - with changes in 

10 the other parameters as a consequence. It is more 
complicated but still manageable to deal with two or several 
unequal transmission lines connected to different busbars in 
the two interconnected systems. Each system has a Thevenin 
equivalent and the interconnecting lines can be transformed 

15 into a series impedance between the two interconnected 
systems. This procedure is nowadays quickly carried out by 
power system simulations programs. By these simulations, 
the possibilities for keeping the interconnections and power 
transfer levels after those fault conditions which can be 

20 imagined by the utilities concerned are evaluated. Losses 
in the operating system far away from the economically 
optimal levels are acceptable temporarily in order to keep 
the system in operation and to deliver the electrical power, 
even if this will eventually reduce the lifetime of 

2 5 apparatus and machinery in some power system lines. 

Reactive power compensators, earlier mainly 
synchronous machines, are essential as actuators for a 
stable operation of the power systems. More recently, 
compensation is often provided by thyris tor -controlled 

30 capacitors. SVC is an acronym for Static Var Compensators 
used during approximately 2 0 years in the transmission area. 
Another device is the Advanced Static Var Compensator, 
earlier often shortened as AdvSVC, but also called STATCON, 
and more recently standardised by CIGRE/IEEE to STATCOM an 

35 acronym for Static (Synchronous) Compensator. Other known 
power flow controllers are UPFC (Unified Power Flow 
Controller) described in US-A-5343139 and MPTC (Multi-level 
Power Transfer Controller) . These and other power flow 
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controllers are discussed in an overview of power 
controllers published by Ked Mohan: "MPTC: An economical 
alternative to universal power flow controllers", EPE'97 
Trondheim, p. 3.1027-3.1032. 

5 The Unified Power Plow Controller, UPFC, consists in 

principle of a Static Synchronous Compensator, STATCOM, as 
the shunt element combined with a Static Synchronous Series 
Compensator, SSSC. The principle of power system 

stabilisation and an overview of the UPFC concept are shown 
10 in Figure 1. Voltage amplitude regulation, series 
compensation, phase angle regulation, and multi -function 
power flow control are demonstrated as voltage phasors in 
Figure 2 . 

Figure 3 is reproduced from a paper by Bian, J. , 

15 Ramey, D.G., Nelson R.J., and Edris, A. entitled "A Study of 
Equipment Sizes and Constraints for a Unified Power Flow 
Controller", IEEE /PES Transmission and Distribution 
Conference and Exposition, Los Angeles, Sept. 1996. Figure 
3 shows a principal layout with two interconnected power 

20 systems showing a basic problem which the invention is meant 
to solve in a competitive way: 

Two large power systems are connected via two ac links, 
at 345 kV and 138 kV. After a fault midway on the 345 kV 
line, one wants to continue the transmission on the 13 8 kV 

25 line only for a short period, thereby using its transient 
thermal capability. With a properly designed UPFC, it is 
possible to allow the total transmitted power to be 
increased from 175 MW to 450 MW and keep the power going for 
some minutes, in the weak line only, while the fault is 

30 cleared or other transmission ways become engaged by 
operators and/or computers. Before the fault appears, there 
is very little load on the 138 kV line. 



FACTS is an acronym for Flexible AC Transmission 
Systems and is a family name for several thyristor-based 
35 means to control power flow in modern power engineering. 
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Other PACTS devices, like DPPC and MPTC, based on rapidly 
controlling, directly or indirectly, one or more of the 
quantities in the equation above have been applied or 
considered in recent years for future applications. Most of 
5 these other devices are located in the interconnection 
line(s) or close to the busbars feeding the line (s). 

The present invention is intended to be an 
alternative to the UPFC (Figure 4) and the MPTC (Figures 5, 
6 and 7) . The UPFC holds a series -inverter connected in the 

10 transmission line via a power transformer. It also holds a 
shunt -inverter connected to the busbar at the line end via 
a power transformer. The MPTC holds a power transformer 
with is primary connected to the line as a A- or Y- connected 
element and several secondary windings connectable as series 

15 element in series with the line. The makeup of the series - 
injected voltage is controlled by the thyristor bridges 
shown in Figure 5 where each switch consists of two back- to - 
back connected thyristors. The voltage within the bridge is 
bypassed or added with either polarity to make up the 

20 series -injected voltage. The main advantage with the MPTC 
is that it works with normal SCRs and no GTOs . A main 
disadvantage is that it has no energy stored in a capacitor 
or in a rotating device. Another disadvantage is that the 
SCRs are operating on high potential relative to ground like 

25 in HVDC transmission links. Both the UPFC and the MPTC need 
power transformer (s) , insulated for full voltage to ground, 
operating with their secondaries on the power transmission 
voltage level, and are facing transient voltages stressing 
the insulation systems and power semiconductors as well as 

30 high fault currents compared to the nominal currents. 

It is generally known that the connection of a 
synchronous machine, normally a generator, to a power 
network must be made via a A/Y-connected so-called step-up 
power transformer, since the voltage of the power network 
35 normally lies at a higher level than the voltage of the 
rotating electric machine. Together with the synchronous 
machine, this power transformer thus constitutes integrated 
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parts of a plant. The power transformer constitutes an 
extra cost and also entails the advantage that the total 
efficiency of the system is lowered. The power transformer 
transfers the high-frequency voltage transients capacitively 
5 and exaggerated compared with the inductively transferred 
fundamental -frequency components. If it were possible to 
manufacture rotating machines for considerably higher 
insulation voltages, the step-up transformer could thus be 
omitted in several plants. The magnetic circuit of a 

10 rotating electric machine is, in most cases, disposed in the 
stator. Thus in the description below, the magnetic circuit 
will normally be described as a stator with a laminated 
core, the winding of which will be referred to as a stator 
winding, and the slots in the laminated core for the winding 

15 will be referred to as stator slots or simply slots. 

The stator winding is disposed in slots in the 
laminated iron core, the slots normally having a cross 
section as that of a rectangle or a trapezoid. Each winding 
phase comprises a number of series- or shunt -connected coil 

20 groups and each coil group comprises a number of series- or 
shunt-connected coils. The different parts of the coil are 
designated coil side for that part which is placed in the 
stator and coil end for that part which is disposed outside 
the stator. A coil comprises one or more conductors brought 

25 together in height and/or width. 

The stator body for large synchronous machines is often 
made of sheet steel with a welded construction. The 
laminated core is normally made from varnished 0.3 5 or 0.5 
mm electric sheet. For larger machines, the sheet is 
30 punched into segments which are attached to the stator body 
by means of wedges /dovetail s . The laminated core is 
retained by pressure fingers and pressure plates. 

Between each conductor there is a thin insulation, 
for example epoxy /glass fibre. Such a thin insulation means 
3 5 a considerable capacitive coupling between adjacent 
conductors in the armature winding and from the winding to 
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ground. A considerable difference between low- frequency, 
LF, insulation stress is thus caused by the electro -motive 
force, e.m.f., and high-frequency, HF, insulation stress 
caused by external transients from the external power lines. 

5 The coil is insulated against the slot with coil 

insulation, that is, an insulation intended to withstand the. 
rated voltage of the machine to earth or ground. As 
insulating material, various plastics, varnish and glass 
fibre materials may be used. Usually, so-called mica tape 

10 is used, which is a mixture of mica and hard plastics, 
especially produced to provide resistance to partial 
discharges, which can rapidly break down the insulation. 
The insulation is applied to the coil by winding the mica 
tape around the coil in several layers. The insulation is 

15 impregnated, and then the coil side is provided with a 
semiconducting ground-potential layer by being painted with 
a coal -based paint to improve the contact with the 
surrounding stator which is connected to ground potential. 



20 



Multi -phase AC windings are designed either as 
single-layer or two-layer windings. In the case of single- 
layer windings, there is only one coil side per slot, and in 
the case of two -layer windings there are two coil sides per 
slot. Two-layer windings are usually designed as diamond 
windings, whereas the single-layer windings which are 
25 relevant in this connection may be designed as a diamond 
winding or as a concentric winding. In the case of a 
diamond winding, only one coil span (or possibly two coil 
spans) occurs, whereas flat windings are designed as concen- 
tric windings, that is, with a greatly varying coil width. 
3 0 By "coil width" is meant the distance in circular measure 
between two coil sides belonging to the same coil, either in 
relation to the relevant pole pitch or in the number of 
intermediate slot pitches. Usually, different variants of 
chording are used, for example fractional pitch, to give the 
3 5 winding the desired properties. 
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The type of winding substantially describes how the 
coils in the slots, that is, the coil sides, are connected 
together outside the stater, that is, at the coil ends. 

Outside the laminated sheets of the stator, the coil 
5 is not provided with a painted semiconducting ground- 
potential layer. The coil end is normally provided with an 
E- field control in the form of so-called corona protection 
varnish intended to convert a radial field into an axial 
field, which means that the insulation on the coil ends 
10 occurs at a high potential relative to ground. This 
sometimes gives rise to corona in the coil-end region, which 
may be destructive. The so-called field-controlling points 
at the coil ends are a problem for a rotating electric 
machine. 

15 The conductor area of the windings is determined by 

the current intensity in question and by the cooling method 
used. The conductor and the coil usually have a rectangular 
shape to maximise the amount of conductor material in the 
slot. A typical coil is formed of so-called Roebel bars, in 

20 which certain of the bars are hollow for the passage of a 
coolant, because the major part of the losses are created in 
the conductors - at high voltage potential to ground. A 
Roebel bar comprises a plurality of rectangular, parallel- 
connected copper conductors, which are transposed 360 

25 degrees along the slot. Ringland bars with transpositions 
of 540 degrees and other transpositions also occur. The 
transposition is made to avoid the occurrence of circulating 
currents which are generated in a cross section of the 
conductor material, as viewed from the magnetic field. 

3 0 Most synchronous machines have a field winding in 

the rotor, where the main flux is generated by direct 
current, and an AC winding in the stator. The synchronous 
machines are normally of three-phase design. Sometimes, 
the synchronous machines are designed with salient poles. 

3 5 The latter must have a DC winding in the rotor for its 
excitation while those machines which do not have salient 
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poles might be equipped with a multi-phase excitation 
winding for utilisation in so-called converter cascades, 
in windmills, etc.. 

During the last few decades, there have been 
5 increasing requirements for rotating electric machines for 
higher voltages than it has previously been possible to. 
design. The maximum voltage level which, according to the 
state of the art, has been possible to achieve for 
synchronous machines with a good yield in the coil 
10 production is around 25-3 0 kV. 

Certain attempts to a new approach as regards the 
design of synchronous machines are described, inter alia, 
in an article entitled "Water -and- oil -cooled 
Turbogenerator TVM-300" in J. Elektrotechnika, No. 1, 
15 1970, pp. 6-8, in US-A-4 , 429 , 244 and in the Russian patent 
document CCCP Patent 955369. All these attempts aim at 
substantially increased voltage ratings. 

A report from Electric Power Research Institute, 
EPRI, EL-3391, from 1984 describes a review of machine 

20 concepts for achieving a higher rated voltage of a 
rotating electric machine for the purpose of being able to 
connect a machine to a power network without an 
intermediate transformer. Such a solution is judged by 
the investigation to provide good efficiency gains and 

25 great economic advantages. The main reason that it was 
considered possible in 1984 to start developing generators 
for direct connection to power networks was that, at that 
time, a superconducting rotor had been produced. 

All these references deal with machines whose 
30 neutral points are normally operated close to ground 
potential. To connect a rotating AC machine as a series 
element, i.e., with a disassociated neutral point, in a 
power line with a much higher nominal voltage than the 
rated voltage of the machine is very difficult as today's 
35 insulation systems are in no way coordinated to withstand 
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those transient voltages towards ground which exist on the 
power transmission levels. 

To increase the power of a rotating electric 
machine, as today's standard designs, it is known to 
5 attempt to increase the current in the AC coils. This has 
been achieved by optimising the quantity of conducting 
material, that is, by close-packing of rectangular 
conductors in the rectangular rotor slots. The aim has 
been to handle the increase in temperature resulting from 

10 this by increasing the quantity of insulating material and 
using more temperature-resistant and hence more expensive 
insulating materials. The high temperature and field load 
on the insulation has also caused problems with the life 
of the insulation. In the relatively thick-walled 

15 insulating layers which are used for high-voltage 
equipment, for example impregnated layers of mica tape, 
partial discharges, PD, constitute a serious problem. 
When manufacturing these insulating layers, cavities, 
pores, and the like, will easily arise, in which internal 

20 corona discharges arise when the insulation is subjected 
to high electric field strengths. These corona discharges 
gradually degrade the material and may lead to electric 
breakdown through the insulation. 

Q Vm? ry of the invention 



25 



An aim of the present invention is to enable a 
rotating power converter means to be inserted as a series 
element, i.e. with a disassociated neutral point, in a 
power line for controlling power flow. 

Another aim of the present invention is to enable 
30 a rotating power converter means to be connected directly, 
by a transformerless connection, to a power line, e.g. a 
transmission line of a transmission system. 
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According to one aspect of the present invention 
there is provided a power transmission and/or distribution 
system as claimed in the ensuing claim 1. 

According to second and third aspects of the 
5 present invention there is provided a power flow 
controller as claimed in the ensuing claim 22 and 25,. . 
respectively. 

According to a fourth aspect of the present 
invention there is provided a method of controlling power 
10 flow between two connected power systems as claimed in the 
ensuing claim 29. 

According to a fifth aspect of the present 
invention there is provided a method of controlling power 
flow in high- voltage power a.c. transmission and/or 
15 distribution systems, the method being as claimed in the 
ensuing claim 30. 

Preferably the electrically insulating means 
comprises an inner layer of semiconducting material in 
electrical contact with said electrical conducting means, 
20 an outer layer of semiconducting material at a controlled 
electrical potential along its length and an intermediate 
layer of electrically insulating material between the said 
inner and outer layers. Preferably the insulating means 
is of unitary construction. 

25 in this specification the term "semiconducting 

material 0 means a material which has a considerably lower 
conductivity than an electric conductor but which does not 
have such a low conductivity that it is an electrical 
insulator. Suitably, but not exclusively, a semi- 

30 conducting material should have a volume resistivity of 
from 1 to 10 5 ohm- cm, preferably from 10 to 500 ohm- cm and 
most preferably from 10 to 100 ohm* cm, typically about 20 
ohm* cm. 
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The electrical insulation is of unitary form with 
the layers either in close mechanical contact or, more 
preferably, joined together, e.g. bonded by extrusion. 
The layers are preferably formed of plastics material 
5 having resilient or elastic properties at least at ambient 
operating temperatures. This allows the cable forming the 
winding to be flexed and shaped into the desired form of . . 
the winding. By using for the layers only materials which 
can be manufactured with few, if any, defects having 

10 similar thermal properties, thermal and electric loads 
within the insulation are reduced. In particular the 
insulating intermediate layer and the semiconducting inner 
and outer layers should have at least substantially the 
same coefficients of thermal expansion (at) so that defects 

15 caused by different thermal expansions when the layers are 
subjected to heating or cooling will not arise. Ideally 
the layers will be extruded together around the conducting 
means . 



Conveniently the electrically insulating 

20 intermediate layer comprises solid thermoplastics 
material, such as low or high density polyethylene (LDPE 
or HDPE), polypropylene (PP) , polybutylene (PB) , 
polymethylpentene (PMP) , ethylene (ethyl) acrylate 
copolymer, cross-linked materials, such as cross-linked 

25 polyethylene (XLPE) , or rubber insulation, such as 
ethylene propylene rubber (EPR) or silicone rubber. The 
semiconducting inner and outer layers may comprise similar 
material to the intermediate layer but with conducting 
particles, such as particles of carbon black or metal, 

30 embedded therein. Generally it has been found that a 
particular insulating material, such as EPR, has similar 
mechanical properties when containing no, or some, carbon 
particles. The intermediate layer may be divided into two 
or more sub-layers by one or more additional intermediate 

35 layers of semiconducting material. 

The screens of semiconducting inner and outer 
layers form substantially equipotential surfaces on the 
inside and outside of the insulating intermediate layer 
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so that the electric field is confined between the inner 
and outer layers in the intermediate layer. In the case 
of concentric semiconducting and insulating layers, the 
electric field is substantially radial and is distributed 
relatively evenly within the intermediate layer between 
the inner and outer layers. In particular, the 
semiconducting inner layer is arranged to be in electrical 
contact with, and to be at the same potential as, the 
conducting means which it surrounds. The semiconducting 
outer layer is designed to act as a screen to prevent 
losses caused by induced voltages. Induced voltages in 
the outer layer could be reduced by increasing the 
resistance of the outer layer. The resistance can be 
increased by reducing the thickness of the outer layer but 
the thickness cannot be reduced below a certain minimum 
thickness. The resistance can also be increased by 
selecting a material for the layer having a higher 
resistivity. On the other hand, if the resistivity of the 
semiconducting outer layer is too great, the voltage 
potential midway between adjacent spaced apart points at 
a controlled, e.g. earth, potential will become 
sufficiently high as to risk the occurrence of corona 
discharge in the insulation with consequent erosion of the 
insulating and semiconducting layers. The semiconducting 
outer layer is therefore a compromise between a conductor 
having low resistance and high induced voltage losses but 
which is easily connected to a controlled potential, 
typically earth or ground potential, and an insulator 
which has high resistance with low induced voltage losses 
but which needs to be connected to the controlled 
potential along its length. Thus the resistivity p 9 of the 
semiconducting outer layer should be within the range 
Pi«<P.<P-«' where p^ is determined by permissible power 
loss caused by eddy current losses and resistive losses 
caused by voltages induced by magnetic flux and p^ is 
determined by the requirement for no corona or glow 
discharge. 



1 
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If the semiconducting outer layer is earthed, or 
connected to some other controlled potential, at spaced 
apart intervals along its length, there is no need for an 
outer metal shield and protective sheath to surround the 
5 semiconducting outer layer. The diameter of the cable is 
thus reduced allowing more turns to be provided for a 
given size of core winding. . . 

Increased current load leads to problems with 
voltage (E) field concentrations at the comers at a cross 

10 section of a coil causing large local loads on the 
insulation. Likewise, the magnetic (B) field in the teeth 
of the stator will be concentrated at the sharp corners. 
This means that magnetic saturation occurs locally and 
that the magnetic core is not utilised in full and that 

15 the waveform of the generated voltage/current will be dis- 
torted. In addition, eddy losses caused by induced eddy 
currents in the conductors, which arise because of the 
geometry of the conductors in relation to the B field, 
causes additional disadvantages at increasing current den- 

20 sities. A further improvement of the invention is 
achieved by making the coils and the slots in which the 
coils are placed essentially circular instead of 
rectangular. By making the cross section of the coils 
circular, these will be surrounded by a constant B field 

25 without concentrations where magnetic saturation may 
arise. Also the E field in the coil will be distributed 
evenly over the cross section and local loads on the 
insulation are considerably reduced. In addition, it is 
easier to place circular coils in slots in such a way that 

30 the number of coil sides per coil group may increase and 
an increase of the voltage may take place without the 
current in the conductors having to be increased. The 
reason is that the cooling of the conductors is 
facilitated by, on the one hand, a lower current density 

35 and hence lower temperature gradients across the insu- 
lation and, on the other hand, by the circular shape of 
the slots which entails a more uniform temperature 
distribution over a cross section. Additional 
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improvements may also be achieved by composing the 
conductor from smaller parts, so-called strands. The 
strands may be insulated from each other and only a small 
number of strands may be left uninsulated and in contact 
5 with the inner semiconducting layer, to ensure that this 
is at the same potential as the conductor. 

The advantages of using a rotating electric machine 
according to the present invention are that the machine 
can be operated at overload current levels for a 

10 considerably longer period of time than what is usual for 
such machines without being damaged. This is a 
consequence of the composition of the machine and the 
limited thermal load of the insulation. It is, for 
example, possible to load the machine with up to 100 % 

15 overload for a period exceeding 15 minutes and up to two 
hours . 

As synchronous condensers it is known to use, inter 
alia, synchronous motors without a connected mechanical 
load. By adapting the magnetisation, the synchronous 

20 condenser may give either inductive or capacitive kVAr. 
When the compensator is connected to a power network, it 
may compensate for inductive or capacitive load on the 
network within an interval. Since the synchronous 
condenser must be connected to certain power networks with 

25 voltages exceeding about 20 kv via a transformer, the 
range of the synchronous condenser within which it may 
provide the network with reactive power is influenced by 
the fact that the reactance of the transformer limits the 
angle of lag between current and voltage. With a rotating 

30 electric machine according to the present invention, it is 
possible to design a synchronous condenser which may be 
connected to a power network without an intermediate 
transformer and which may be operated with a chosen under- 
or over-excitation to compensate for inductive or 

35 capacitive loads on the network. 
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The use of winding cables having a circular cross 
section is preferred although cables with a different 
cross section may be used to provide a better packing 
density. To build up a voltage in the rotating electric 
5 machine, the cable is disposed in several consecutive 
turns in slots in the magnetic core. The winding can be 
designed as a multi-layer concentric cable winding to 
reduce the number of coil-end crossings. The cable- 
winding may be made with tapered or stepped insulation to 
10 utilise the magnetic core in a better way, in which case 
the shape of the slots may be adapted to the tapered or 
stepped insulation of the winding. 

A significant advantage with a rotating electric 
machine according to the referenced invention is that the 

15 electric E field is near zero in the coil-end region 
outside the outer layer of semiconducting material and 
that with the outer layer at a controlled, e.g. ground, 
potential, the electric field need not be controlled. 
This means that field concentrations are not obtained, 

20 either within sheets, in coil -end regions or in the 
transition therebetween. 

To sum up, thus, a rotating power converter means 
according to the present invention has a considerable 
number of important advantages over corresponding prior 

25 art machines. First of all, it can be connected directly 
as a shunt device to a power network or as a series device 
in a power line at all types of high insulation voltage. 
By high voltage are meant here insulation voltages 
exceeding 30 kV and up to the voltage levels which occur 

30 for power transmission networks, e.g from 400 - 800 kV and 
even higher, while the electro-motive force, e.m.f., 
might be as low as a few percent of the line voltage, 
i.e., 1-3 or 10-30 kV. Another important advantage is 
that a chosen potential, for example ground potential, has 

35 been consistently conducted along the whole winding, which 
means that the coil -end region can be made compact and 
that bracing means at the coil -end region can be applied 
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at practically ground potential or any other chosen 
potential. Still another important advantage is that oil- 
based insulation and cooling systems disappear. This 
means that no sealing problems arise. Furthermore, it is 
5 possible to make a high- voltage machine for transformer- 
less connection to or in power transmission lines without 
a superconducting rotor which was the basic reason for the , 
EPRI work reported in EL-3391, from 1984, and referenced 
above. A further advantage of the present invention is 
10 that any forced cooling can be made at ground potential. 

Lastly, the present invention opens up 
possibilities to stabilise power transmission lines as a 
series device in an environmentally- friendly way. The no- 
load/no- interaction losses are considerably lower than 

15 those associated with the UPFC and the MPTC. The rotating 
cable-machine has its major losses associated with the 
laminated stator core because its rated current -density is 
low. The load/interaction losses are thus associated with 
the actual level of interaction as a series device. With 

20 the actual armature winding concept and the air-gap 
between, too, there is a negligible capacitive coupling of 
the voltage transients from the transmission line to the 
rotor winding on ground potential and to its power 
electronic converter. A considerable space and weight 

25 saving from the installation point of view is obtained 
with rotating power converter means according to the 
invention, since a previous installation design with power 
electronic converters, power capacitors and power 
transformers is replaced. Since transformers can be 

30 avoided, the efficiency of the system is considerably 
increased. Regarding the environment, neither SF 6 nor 
transformer oil is needed for insulation. 
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Brief Description of fr he Drawings 

Embodiments of the invention will now be described, 
by way of example only, with particular reference to the 
accompanying drawings, in which: 

Figure 1 shows the principle of power system 
stabilisation and an overview of the UPFC concept; 

Figure 2 shows voltage phasors for various voltage 
regulation technologies; 

Figure 3 shows two interconnected power systems; 

Figure 4 shows a block diagram of a UPFC of the 
type described in US-A-5343139 ; 



Figure 5 shows a principal circuit diagram on an 
MPTC with a A-connected power transformer primary 
and three secondary windings connec table via power 
15 semiconductor switches in series with on phase; 

Figure 6 shows the possible voltage phasor 
positions for an MPTC; 

Figure 7 shows the principal circuit diagram of the 
MPTC shown in Figure 5 but now expanded with an 
20 SVC, and protected against over-voltages on the 

line side, and used as a power conditioner, e.g. 
for industrial loads; 

Figure 8 shows the main circuit diagram of one 
embodiment of a power flow controller according to 
25 the invention comprising two high-voltage rotating 

machines; 



Figure 9 shows the main circuit diagram of another 
embodiment of a power flow controller according to 
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the invention comprising three high-voltage 
rotating machines; and 

Figure 10 is a schematic sectional view on an 
enlarged scale through a HV insulated conductor 
5 turn for a stator and/or rotor of a high-voltage 

rotating electric machine. . . 

n^Rnri ption of Preferred Embodiments 

Figure 8 shows a basic system of the present 
invention. In the following part of the description, to 

10 simplify understanding, high-voltage rotating "power 
converter means" will be referred to as high-voltage 
rotating "synchronous" machines although the rotating 
shafts of such machines do not need to rotate 
synchronously with the rotating stator field which is 

15 energised from the power transmission line. 

Figure 10 shows a cable for a core winding for use 
in a core (stator or rotor) of a "synchronous" machine. 
The cable has inner conductor means 41 surrounded by 
electrical insulation 42. The electrical insulation 42 is 

20 of unified form and comprises an inner semiconducting 
layer 43, an outer semiconducting layer 44 and, sandwiched 
between these semiconducting layers, an insulating layer 
45. At least one of the conductors of the conductor means 
41 has its insulation, e.g. varnish insulation, removed 

25 therefrom so that the inner semiconducting layer is in 
electrical contact with the conductor means 41. The 
layers 43 - 45 preferably comprise thermoplastics 
materials in close mechanical contact or preferably 
solidly connected to each other at their interfaces. 

30 Conveniently these thermoplastics materials have similar 
coefficients of thermal expansion and are resilient or 
elastic at least at room temperature. Preferably the 
layers 43 - 45 are extruded together around the inner 
conducting means to provide a monolithic structure so as 

35 to minimise the risk of cavities and pores within the 
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electrical insulation. The presence of such pores and 
cavities in the insulation is undesirable since it gives 
rise to corona discharge in the electrical insulation at 
high electric field strengths. 

5 By way of example only, the solid insulating layer 

45 may comprise cross -linked polyethylene (XLPB) . The 
inner and outer semiconducting layers may comprise, for 
example, a base polymer, such as ethylene -propylene 
copolymer rubber (EPR) or e thy lene-p ropy lene-diene monomer 

10 rubber (EPDM) , and highly electrically conductive 
particles, e.g. particles of carbon black embedded in the 
base polymer. The volume resistivity, e.g. about 20 
ohm- cm, of these semi conductive layers may be adjusted as 
required by varying the type and proportion of carbon 

15 black added to the base polymer. The following gives an 
example of the way in which resistivity can be varied 
using different types and quantities of carbon black. 



Baae Polymer 



E thy lane vinyl 
acetate copolymer/ 
nitrite rubber 



Butyl grafted 
polyethylene 



Carbon Black Carbon Black Volume 

Type Quantity (%) Resistivity O- cm 

BC carbon black -15 350-400 



P-carbon black -37 70-10 

Bxtra conducting -35 40-50 

carbon black, type I 

Bxtra conducting -33 30-60 

black, type II 

-25 7-10 



Ethylene butyl Acetylene carbon -35 40-50 

acrylate copolymer black 

p carbon black -38 5-10 

Ethylene propene Bxtra conducting -35 200-400 

rubber carbon black 



The outer semi conductive layer 44 is connected at 
spaced apart regions along its length to a controlled 
potential. In most practical applications this controlled 
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potential will be earth or ground potential, the specific 
spacing apart of adjacent earthing points being dependent 
on the resistivity of the layer 44. 

The semiconducting layer 44 acts as a static shield 
5 and as an earthed outer layer which ensures that the 
electric field of the winding cable is retained within the 
solid insulation between the semiconducting layers 43 and 
44. Losses caused by induced voltages in the layer 44 are 
reduced by increasing the resistance of the layer 44. 

10 However, since the layer 44 must be at least of a certain 
minimum thickness, e.g. no less than 0.8 mm, the 
resistance can only be increased by selecting the material 
of the layer to have a relatively high resistivity. The 
resistivity cannot be increased too much, however, else 

15 the voltage of the layer 44 mid-way between two adjacent 
earthing points will be too high with the associated risk 
of corona discharges occurring. 

To optimise a rotating electric machine, the design 
of the magnetic circuit as regards the slots and the 

20 teeth, respectively, are of decisive importance. The 
slots should connect as closely as possible to the casing 
of the coil sides. It is also desirable that the teeth at 
each radial level are as wide as possible. This is 
important to minimise the losses, the magnetisation 

25 requirement, etc., of the machine. 

With access to a conductor and, for example, the 
cable described above, there are great possibilities of 
being able to optimise the magnetic core from several 
points of view. In the following, a magnetic circuit in 

30 the stator of the rotating electric machine is referred 
to. In conventional manner, the stator is composed of a 
laminated core of electric sheets successively composed of 
sector-shaped sheets. From a back portion of the core, 
located at the radially outermost end, a number of teeth 

35 extend radially inwards towards the rotor. Between the 
teeth there are a corresponding number of slots. The use 
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of cables according to the above among other things 
permits the depth of the slots for high-voltage machines 
to be made larger than has previously been possible. 

The slots may have a cross section tapering towards 
5 the rotor since the size of cable insulation becomes lower 
for each winding layer towards the air gap. A preferred 
embodiment is that the slot substantially consists of a 
circular cross section around each layer of the winding 
with narrower waist portions between the layers. With 

10 some justification, such a slot cross section may be 
referred to as a "cycle chain slot". In an embodiment, 
cables with three different dimensions of the cable 
insulation are used, arranged in three correspondingly 
dimensioned sections, that is, in practice, a modified 

15 cycle chain slot will be obtained. The stator tooth can 
be shaped with a practically constant radial width along 
the depth of the whole slot. This can be used to taper, 
step or grade the insulation level in the shunt -machine. 

A core winding suitably comprises a multi- layer, 
20 concentric cable winding. Such a winding means that the 
number of crossings at the coil ends is minimised by 
placing all the coils within the same group radially 
outside one another. This arrangement also allows a 
simpler method for the manufacture and the threading of 
25 the stator winding in the different slots. 

The invention is generally applicable to utilise 
rotating power converter means (electric machines) for 
electro -motive forces, e.m.f.s, exceeding 3 to 4 kV and 
insulation levels typically above 30 kV {but including 
30 from 6 - 70 kV for distribution systems and up to 800 kV 
or more for transmission systems) towards ground. 

In Figure 8, reference numeral 1 designates a high- 
voltage (HV) , rotating "synchronous" machine, or shunt- 
machine, directly connected, i.e. without a power 
35 transformer, as a shunt device to a high-voltage power 
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line 2. At least one other high-voltage rotating 

"synchronous" machine 3, or series -machine, having a 

disassociated neutral point, i.e. without a power 

transformer, is directly connected as a series device in 
5 the high-voltage power line 2 . 

For the stabilisation of more than one transmission 
line starting at the same busbar, the system shown in 
Figure 8 can be modified as shown in Figure 9 by the 
inclusion of more than one series -machines 5. 

-L0 The two or more HV rotating machines (1 and 3 in 

Figure 8 and 1 and 5 in Figure 9) are mechanically coupled 
to each other so that their shafts (connected to or 
forming part of the rotors of the rotating machines) form 
a common shaft string 5 with the same rotational speed. 

15 The rotor windings are energised via converters from a 
small (low voltage) auxiliary -power generator 7 attached 
to the shaft string 6. 

All but one of the two, or more, rotating machines 
should have a non-salient-pole rotor, i.e. a constant air- 

20 gap length (neglecting the variation due to the slots) and 
a multi -phase, e.g. 3 -phase or 2 -phase, winding while the 
remaining machine might have a salient -pole rotor and a 
DC-field winding. The multi -phase winding arrangement 
allows the rotating machine to generate an electro-motive 

25 force, e.m.f., that might have varying size and arbitrary 
phase angle compared to the phase angle of the other 
machines. The output voltage from the series -machine (s) 
is controlled to fall inside a circle like the circle in 
Figure 2(b). The output voltage (s) is/are added to the 

3 0 busbar voltage from the shunt -machine . 

The shunt-machine 1 is more or less a shunt 
compensator, normally running as a motor lightly loaded by 
the series -machine (s) 3 or 5 and the auxiliary -power 
generator 7. The shunt-machine 1 can produce or consume 
3 5 reactive power. It can be connected in parallel to other 
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reactive elements, like fixed capacitor banks or reactors, 
thyristor controlled shunt capacitors or reactors, etc.. 
The shunt -machine can also act as a power transformer 
feeding another (transmission or distribution) network, 
5 ("System 3 in Figure 9) where attention is now paid to the 
fact that "a", M b" and , c n terminals need not be connected 
to the same winding terminals in the shunt -machine 1. The . . 
shunt -machine can thus also act as a step -down or step -up 
auto -trans former. Its armature winding can be equipped 
10 with tapered insulation levels. In Figures 8 and 9, the 
machine 1 is shown as having a DC -output converter, a 
salient -pole rotor and a DC-field winding but it could 
also have rotor arrangements like the series -machine (s) . 

The series -machine 3 or 5 is more or less a series 

15 compensator, normally running as a generator fed by the 
shunt -machine 1 and its rotor winding is energised by the 
auxiliary-power generator 7. The series -machine 1 can 
produce or consume both active and reactive power. It can 
compensate the active and reactive voltage drops in the 

20 transmission line. Its electro-motive force, e.m.f., has 
a size and phase angle determined by the power electronics 
converter feeding the rotor winding. It is feasible from 
the new insulation system for the windings. The great 
effect of inductive coupling - but negligible capacitive 

25 coupling - between the transmission voltage level and the 
rotor is essential to give apparent reality to the 
invented concept. The armature winding in the series- 
machine cannot be equipped with tapered insulation levels 
because the armature winding produces an electro -motive 

30 force, e.m.f., which is small compared to its insulation 
level to ground. 

When the series -machine is idling, the laminated 
core losses are low. The shunt-machine as well as the 
series -machine have - from adiabatic models - a long-time 
35 overload and overvoltage capability. 
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The number of series -machines and power electronic 
converters can be increased furthermore as can be realised 
by the man skilled in the art of power electronics. 

The auxiliary-power generator can be any of wound - 
5 field or permanent -magnet generators known to the man 
skilled in the art of rotating electrical machines. For 
rapid reduction of the magnetic energy which is associated 
with the wound-field systems in the shunt- and series- 
machines, it could be beneficial to utilise power 
10 electronic converters as converters that are capable of 
bi-directional power conversion as such is well known to 
the man skilled in the art of power electronics. The 
auxiliary- power link can be either AC or DC. 

All power lines and machines are visualised as 
15 three-phase machines but any phase number associated with 
rotating fields could be chosen as it is well known to the 
man skilled in the art of power engineering. 

The description of the invention has dealt with the 
electromagnetic devices for obtaining power flow control 

20 between two power systems connected by at least one power 
line and does not deal in great detail with the micro- 
processor-based automatic control and protection means and 
models that are needed to calculate the control signals 
that are sent to the rotating electric machines. In 

25 particular the described embodiments relate to high 
voltage power a.c. transmission systems carrying 
alternating current (s) at selected line voltage (s) and 
fundamental frecpiency. By using one or more rotating 
power converter means connected directly, i.e. by 

3 0 transformerless connection, to the transmission line at 
least one alternating voltage is generated at the 
fundamental frequency of the alternating current (s) with 
controllable magnitude and phase angle relative to the 
transmission line voltage (s) . 



• 
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The advantages with the invention, in comparison 
with its m ain competitors, UPFC and MPTC, are: 

interconnected power transmission systems with 
improved power flow control 
5 - Capability to temporarily overload transmission 

lines after cleared faults 
Improved voltage quality 
Less losses 

Less risk for resonances 
10 - More energy stored in the system via the moment of 

inertia 

Less occupation of areas 

Little impact on the environment 

The electric fields are kept inside the solid 
15 insulation structures 

No SF € and no transformer oils as insulation media 
Negligible harmonics 

Relocatable, simple cooling as well as few power 
apparatuses 

Although it is preferred that the electrical winding 
insulation should be extruded in position, it is possible to 
build up an electrical insulation system from tightly wound, 
overlapping layers of film or sheet-like material. Both the 
5 semiconducting layers and the electrically insulating layer 
can be formed in this manner. An insulation system can be 
made of an all-synthetic film with inner and outer 
semiconducting layers or portions made of polymeric thin 
film of, for example, PP, PET, LDPE or HDPE with embedded 
10 conducting particles, such as carbon black or metallic 
particles and with an insulating layer or portion between 
the semiconducting layers or portions. 

For the lapped concept a sufficiently thin film will 
have butt gaps smaller than the so-called Paschen minima, 
15 thus rendering liquid impregnation unnecessary. A dry, 
wound multilayer thin film insulation has also good thermal 
properties . 
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Another example of an electrical insulation system is 
similar to a conventional cellulose based cable, where a 
tbin cellulose based or synthetic paper or non -woven 
material is lap wound around a conductor. In this case the 
5 semiconducting layers, on either side of an insulating 
layer, can be made of cellulose paper or non-woven material 
made from fibres of insulating material and with conducting, 
particles embedded. The insulating layer can be made from 
the same base material or another material can be used. 

10 Another example of an insulation system is obtained 

by combining film and fibrous insulating material, either as 
a laminate or as co- lapped. An example of this insulation 
system is the commercially available so-called paper 
polypropylene laminate, PPLF, but several other combinations 

15 of film and fibrous parts are possible. In these systems 
various impregnations such as mineral oil can be used. 
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CLAIMS 

1. A power transmission and/or distribution system 
including at least one power line connecting two parts of 
the system and at least one high voltage rotating power 
5 converter means connected in the system for controlling 
power flow in the system and including at least one winding 
having electrically conducting means, characterised in that 
said at least one rotating power converter means is 
connected directly, by a transformerless connection, to, or 
10 in series with, the at least one power line and in that said 
electrically conducting means has surrounding electrically 
insulating means comprising magnetically permeable solid 
material within which the electric field is confined in use 
of the power converter means. 

15 2. A system according to claim 1, characterised in 

that said at least one rotating power converter means 
comprises a first rotating electric machine connected in 
shunt with said at least one transmission line and at least 
one second rotating electric machine connected in series 

20 with said at least one power line. 

3. A system according to claim 2, characterised in 
that reactive means are arranged in parallel with said first 
rotating electric machine, 

4. A system according to claim 2 or 3, 
25 characterised in that said first rotating electric machine 

comprises an auto -trans former feeding an additional power 
network. 

5. A system according to any one of the preceding 
claims, characterised in that the electrically insulating 

30 means comprises an inner layer of semiconducting material in 
electrical contact with said electrical conducting means, an 
outer layer of semiconducting material at a controlled 
electrical potential along its length and an intermediate 
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layer of electrically insulating material between the said 
inner and outer layers. 

6. A system according to claim 5, characterised in 
that the semiconducting outer layer has a resistivity of 

5 from 1 to 10 s ohm* cm, preferably from 10 to 500 ohm- cm, and 
most preferably from 10 to 100 ohm- cm. 

7. A system according to claim 5 or 6, 
characterised in that the resistance per axial unit length 
of the semiconducting outer layer is from 5 to 50,000 ohm.m' 



10 



8. A system according to claim 5, 6 or 7, 

characterised in that the resistance per axial unit of 

length of the semiconducting outer layer is from 500 to 
25,000 ohm.m- 1 , preferably from 2,500 to 5,000 ohm.m 1 . 

15 9. A system according to any one of claims 5 to 8, 

characterised in that the semiconducting outer layer is 
contacted by conductor means at said controlled electrical 
potential at spaced apart regions along its length, adjacent 
contact regions being sufficiently close together that the 

20 voltages of mid- points between adjacent contact regions are 
insufficient for corona discharges to occur within the 
electrically insulating means. 

10. A system according to any one of claims 5 to 9, 
characterised in that said controlled electrical potential 

25 is at or close to ground potential. 

11. A system according to any one of claims 5 to 10, 
characterised in that the said intermediate layer is in 
close mechanical contact with each of said inner and outer 
layers . 

30 12. A system according to any one of claims 5 to 10, 

characterised in that the said intermediate layer is joined 
to each of said inner and outer layers. 
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13. A system according to claim 12, characterised in 
that the strength of the adhesion between the said 
intermediate layer and the semiconducting outer layer is of 
the same order of magnitude as the intrinsic strength of the 

5 material of the intermediate layer. 

14. A system according to claim 12 or 13,. 
characterised in that the said layers are joined together by 
extrusion. 

15. A system according to claim 14, characterised in 
10 that the inner and outer layers of semiconducting material 

and the insulating intermediate layer are applied together 
over the conducting means through a multi layer extrusion 
die. 

16. A system according to any one of claims 5 to 15, 
15 characterised in that said inner layer comprises a first 

plastics material having first electrically conductive 
particles dispersed therein, said outer layer comprises a 
second plastics material having second electrically 
conductive particles dispersed therein, and said 
20 intermediate layer comprises a third plastics material. 

17. A system according to claim 16, characterised in 
that each of said first, second and third plastics materials 
comprises an ethylene butyl acrylate copolymer rubber, an 
ethylene-propylene-diene monomer rubber (EPDM) , an ethylene- 

25 propylene copolymer rubber (EPR) , LDPE, HDPE, PP, XLPE, EPR 
or silicone rubber. 



18. A system according to claim 16 or 17, 
characterised in that said first, second and third plastics 
materials have at least substantially the same coefficients 

3 0 of thermal expansion. 

19. A system according to claim 16, 17 or 18, 
characterised in that said first, second and third plastics 
materials are the same material. 
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20. A system according to any one of the preceding 
claims, characterised in that the electrically insulating 
means is designed for high voltage, suitably in excess of 10 
kV, in particular in excess of 36 kV, and preferably more 
than 72.5 kV up to very high transmission voltages, such as 
400 kV to 800 kV or higher. 

21. A system according to any one of the preceding 
claims, characterised in that the electrically insulating 
means is designed for a power range in excess of 0.5 MVA, 
preferably in excess of 30 MVA and up to 1000 MVA. 



22. A power flow controller for controlling the flow 
of electric power in an alternating current transmission 
system including a transmission line having two ends and 
carrying alternating current at a selected transmission line 

15 voltage and fundamental frequency between said two ends, 
characterised in that the controller comprises high voltage 
rotating power converter means for generating an alternating 
voltage at the said fundamental frequency with controllable 
magnitude and phase angle relative to said transmission line 

2 0 voltage and including at least one winding having 
electrically conducting means, coupling means for coupling 
said rotating power converter means directly in series with 
the said transmission line, and electrically insulating 
means surrounding said electrically conducting means and 

25 comprising solid material within which the electric field is 
confined in use of the power converter means. 

23. A power flow controller according to claim 22, 
characterised in that it further comprises control means for 
controlling the controllable magnitude and phase angle of 

30 the alternating voltage generated by said rotating power 
converter means at said fundamental frequency for 
controlling the power flow in said transmission line. 

24. A power flow controller according to claim 23, 
characterised in that said control means controls the said 

35 alternating voltage to a magnitude and phase angle relative 
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to the said transmission line voltage selectively to adjust, 
individually and in coordination, effective impedance of the 
transmission line, effective phase angle between voltages at 
said two ends of the transmission line and transmission line 
5 voltage magnitude. 

25. A power flow controller for at least one a.c. 
transmission line, comprising first high voltage rotating 
power converter means having a.c. terminals connected 
directly in shunt with said at least one transmission line, 

10 at least one second high voltage rotating power converter 
means having a.c terminals connected directly in series 
with, so as to inject at least one alternating voltage into, 
said at least one transmission line, and shaft means for 
rotatably connecting rotors of said first and second 

15 rotating power converter means, each of said rotating power 
converter means including at least one winding having 
electrically conducting means and electrically insulating 
means surrounding said electrically conducting means and 
comprising solid material within which the electric field is 

20 confined in use of the power converter means. 

26. A power flow controller according to claim 25, 
characterised in that it further comprises control means for 
controlling the first and second rotating power converter 
means for controlling power flow through the said at least 

25 one transmission line. 

27. A power flow controller according to claim 26, 
characterised in that said control means controls active and 
reactive power exchange between said at least one 
transmission line and said first rotating power converter 

30 means to supply real power for the said at least one second 
rotating power converter means at at least one selected 
power factor, the said control means also controlling said 
at least one second rotating power converter means to 
generate said at least one alternating voltage with selected 

35 magnitude (s) and selected phase angle (s) between 0° and 
360°to establish at least one transmission line voltage, at 
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least one selected transmission angle and at least one 
transmission line voltage for controlling the power flow 
through said at least one transmission line. 

28. A power flow controller according to any one of 
5 claims 22 to 26, characterised in that the electrically- 
insulating means comprises an inner layer of semiconducting . 
material in electrical contact with said electrical 
conducting means / an outer layer of semiconducting material 
at a controlled electrical potential along its length and an 

10 intermediate layer of electrically insulating material 
between the said inner and outer layers. 

29. A method of controlling power flow between two 
power systems connected by at least one power line, 
comprising connecting a first rotating power converter means 

15 directly in shunt with said at least one power line and 
connecting at least one second rotating power converter 
means directly in series with said at least one power line. 

30. A method of controlling power flow in a high- 
voltage power a.c. transmission and/or distribution system 

20 carrying alternating current (s) at selected line voltage (s) 
and fundamental frequency, comprising generating by means 
one or more rotating power converter means at least one 
alternating voltage at said fundamental frequency of the 
said alternating current (s) with controllable magnitude and 

25 phase angle relative to the transmission line voltage (s). 

31. A method according to claim 3 0 or 31, 
characterised in that the or each of said rotating power 
converter means has a stator, a rotor and at least one 
winding comprising electrically conducting means and 

3 0 surrounding electrically insulating means, and in that the 
electrically insulating means comprises solid material 
within which the electric field is confined in use of the 
power converter means . 
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